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ABSTRACT
Full Name : Ahmed Kamal Mahgoub Ali
Thesis Title : Friction Stir Spot Welding: Experimental Investigation and Numerical 
modeling
Major Field : Mechanical Engineering
Date of Degree : May 2015
The aim of the current study is to develop a friction stir spot welding process to join 
a pure Copper lap joint and to study the effect of key welding parameters namely, rotational 
speed, plunging rate, dwell time and pin tool geometry on weld strength and quality. The 
weld quality parameters that have been analyzed in this study are hook formation, effective 
upper sheet thickness, bonded region area and fracture mode.
A sound weld quality free of voids and cracks having a weld strength of 7.1 kN was 
obtained at 900 rpm rotational speed, 20 mm/min plunging rate and 2 seconds dwell time 
using a threaded tool steel pin tool. However, these welds failed in plug failure mode which 
is a ductile failure mode.
A finite element model was developed to investigate the effects of process 
parameters (rotational speed, plunging rate and dwell time) on the work-piece temperature 
distribution during a friction stir spot welding process. Finite element model validation 
showed a good agreement between measured and predicted temperatures. The maximum 
error was approximately 16%. According analysis of the validated finite element model 
results, rotational speed has the most significant effect on the peak temperature of the work-
piece. On the other hand, plunging rate and dwell time have a less effect on work-piece 
peak temperature. 
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1Chapter 1
Chapter 1 Introduction
1.1 Friction Stir Spot Welding Process
Friction Stir Spot welding (FSSW) is a suitable process for welding materials that
are difficult to weld using fusion welding. This process is considered as a derivative of 
Friction Stir Welding (FSW) technique that was invented in 1991 by TWI in UK and was 
initially applied for joining Aluminum alloys. With time, the process found many 
applications and spread to include more similar and dissimilar materials, such as steel, 
Magnesium and polymers. In 2000, Kawasaki company invented and patented Friction Stir 
Spot Welding process as alternative to resistance spot welding in automobiles industry [1].
Many studies reported that the process can meet some challenges of rapid
improvement in automobiles manufacturing [2]. It can  replace  fusion welding  in  electric  
resistance  welding  and non-permanent  rivets  joints  because  it is  a  solid-state  and 
environmentally friendly  process.  In FSSW process, a rotating tool penetrates  a  lap  joint  
to  a  predetermined  depth and dwell time to  join  two materials  taking the  stirring only  
(only rotating inside the material)  before  retreating  and  exit  leaving  a  solid-state  joint. 
The  joint  is  produced  as a result of  mixing  a  softened  material around  the  shoulder  
and  pin caused  by  frictional  heat developed  during  plunging  and  stirring  phase. 
Figure 1.1 shows friction stir spot welding phases.
2Figure 1.1: Friction Stir Spot Welding Phases, (a) Plunging Phase, (b) Stirring Phase, 
(c) Retracting or Drawing out Phase
1.2 Copper and Copper Alloys Current Welding Processes
According to Mishra et al. [3] high pure Copper thermal diffusivity made welding 
of it a real challenge due to high heat dissipation during the process. High heat dissipation 
prevents localized melting and obtaining a successful joint. Soldering and brazing are the 
most important welding processes for Copper but they do not make strong or load carrying 
joints.
1.3 Industrial Applications
Copper has many electrical and heat transfer applications. One of pure Copper uses 
is the busbars, which are strips or bars of Copper, brass or Aluminum that conducts 
electricity within an electrical apparatus such as switchboard, distribution 
board, substation, battery bank and others. The main purpose of these busbars is to conduct 
a substantial current of electricity.
Busbars are connected to each other by bolting, clamping, or welding. Often, joints 
between high-current bus sections have precisely-machined matching surfaces that 
are silver-plated to reduce the contact resistance. FSSW can be an attractive alternative to 
(a) (b) (c)
3join these busbars to each other providing a perfect connection that can reduce power losses 
in these connections. Figure 1.2 shows busbars in an electric distribution board.
Other applications of pure Copper can be found in trucks, radiators, heat sinks and 
air conditioning.
Figure 1.2: Busbars in Electrical Distribution Boards, [4].
1.4 Advantages of Friction Stir Spot Welding
FSSW has similar advantages to those of FSW as reported by Mishra et al. [3]. 
Choi et al. [5] compared resistance spot welding (RSW) and FSSW. They showed that 
FSSW offered 90% energy saving and 40% equipment saving due to its minimal equipment 
requirement.
1.5 Friction Stir Spot Welding Process Metallurgy
In friction stir spot welding, the bonding conditions between the upper and lower 
sheet can be classified into three bonding regions, these regions are complete bonded 
region, partial or transition bonded region and mechanical bonded region.
4 Complete Bonded Region
In this region, the interface between welded plates cannot be identified and full bond is 
formed. Figure 1.3 shows FSSW metallurgical bonded regions. Bonded region term will 
be used for referring to complete bonding region throughout this study for simplicity. Yuan 
et al. [2] reported that the complete bonded region area is the load carrying area.
 Partial Bonded Region
The partial bonded region is a transition region between full metallurgical bond and 
mechanically bonded region. It is also called the hook. In this region, metallurgical bond 
starts to form, the interface can be easily identified.
 Mechanical Bonded Region
This region is also called kissing bond. Only mechanical contact is present between upper 
and lower sheets in this region.
Transition bonding region
Completely bonding region
Mechanically bonded region
Figure 1.3: SEM Macrograph for FSSW Metallurgical Bonding Regions
51.6 Research Objective
The high thermal conductivity in pure Copper presents a real challenge in welding of 
such materials using resistance spot welding because of the high heat input required to the 
weld. FSSW may be considered as an attractive alternative to weld such materials.
The main objective of the present work is to develop FSSW process for joining a pure 
Copper lap joint, to study the effect of key welding parameters on weld strength and quality 
and to find the best set of welding parameters, which result in sound weld quality. 
The specific objectives are:
 to investigate the effect of welding parameters, namely, rotational speed, plunging 
rate, dwell time and pin tool geometry on friction stir spot welds strength.
 to evaluate the effect of welding parameters on weldment quality. For weldment 
quality analysis hook formation, effective upper sheet thickness and complete 
bonded region area are considered.
 to analyze the effect of those welding parameters on fracture mode.
 to develop FE model to study the effect of welding parameters on temperature 
distribution and plastic strains developed during the welding process.
1.7 Motivation of the Study
To the knowledge of the author, so far no work has been reported in FSSW of pure 
Copper. This motivated the author to carry out a comprehensive investigation aimed to 
analyze the effect of welding parameters on pure Copper weld joint and to obtain full 
understanding of the process.
61.8 Thesis Structure
This thesis includes six chapters. The arrangement of these chapters will be as follows:
Chapter one is an introduction that includes general background of the process, 
metallurgy of the process, objective and work justification. 
Chapter Two is a literature review about the subject undertaken and it highlights 
the most important finding obtained in published work.
Chapter Three presents experimental work methodology and experimental work 
matrices.
Chapter Four presents experimental work together with discussion and 
interpretation of the results.
In Chapter Five a finite element model technique, using Abaqus® Explicit solver 
is adopted for the analysis. Boundary conditions, materials modeling, as well as interaction 
modeling are presented. Validation of the model is carried out. Temperature distribution, 
in the weld cross-section is presented for different boundary conditions (welding 
conditions).
Chapter Six presents conclusion and future refinement of the present work.
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Chapter 2 LITERATURE REVIEW
Previous published work on experimental studies, numerical modeling of FSSW 
will be briefly reviewed in this chapter. This chapter also presents investigation of FSW of 
pure Copper since there are thermomechanical similarities between FSW and FSSW of 
pure copper.
2.1 Experimental Studies in Friction Stir Spot Welding
Since its invention,  researchers  are  trying  to  understand FSSW process [6,7], 
that lead to optimizing the process parameters ( plunging rate, plunging depth, rotational 
speed, dwell time, retracting rate, tool geometrical parameters ) in order to obtain sound 
weld. Other researchers are focusing in studying material  flow  in  FSSW  process [8]. 
Most  of  these  studies focused  on  Aluminum and Aluminum alloys [8], polymers  [9]
and  few  other materials  such as Magnesium [6,10] as application for the process. 
Effect of welding parameters on the weld tensile shear strength has been studied in 
the past by several investigators as reported by Hirasawa et al. [8]. Yuan et al. [6] studied  
the effect of tool  pin  profile  on joint strength in FSSW of Aluminum alloy 6016.  They 
used one conventional tool with a step spiral pin. The other one having three off-center 
(OC) hemispherical pin features. The OC gave higher lap shear strength.  These authors 
reported that the shoulder penetration depth of 0.2 mm and tool rotational speed of 1500 
rpm for conventional pin and 2500 rpm for OC pin tool have an optimum value at which 
the weld strength reaches the maximum value of 3.3 kN. Badarinarayan et al. [11]
8compared the weld strength and hook formation ( partial metallurgical bonding ) between 
cylindrical pin tool and triangular pin tool with concave shoulder in welding of 5754-O 
sheets. The investigation showed that using triangular pin resulted in a wider bonding 
region and a weld strength that is twice larger than the one achieved using cylindrical pin 
tool. They also studied hook formation and weld strength of 5754-O sheets. Moreover, they 
studied the effect of shoulder type on static weld strength. The concave shoulder resulted 
in the highest static strength of 3.5 kN compared to flat and convex shoulder type.
Shin  et  al. [9] performed  an  experimental  study  for dissimilar  welding  of  bulk 
metallic glass (BMG)  alloy  to  lightweight  crystalline alloys. They studied the influence 
of tool geometry with round and triangular shaped pins on FSSW performance.  They found 
that the triangular pin tool produced more chips.  Its cutting effect resulted in lowering the 
tool axial load. The  workpiece  temperature  in  the early  stage  of  the  process  as 
compared  to  the  round  pin  case failed in a lower failure load compared to round pin 
tool. 
Merzoug  et  al. [12] studied the effect of tool rotational  speed,  and  plunging  feed 
on FSSW of 6060 Aluminum alloy. They reported that the temperature needed  to  produce 
enough  plastic  effect  in  metal  and  achieve  the  best  weld reached about 80% of  
melting  temperature.
A limited published work on comparison of FSSW and RSW can be found in 
litreature [13,14]. Kulekci  et al. [13] performed a comparative analysis  in terms of
hardness  distribution  and  tensile  shear  strength  between  resistance spot welding (RSW) 
and FSSW for the material EN AW 5005 Aluminum alloy.  They obtained a weld strength 
that is more than 250% higher than that obtained by RSW.  It  was also  found  that  the  
9tensile  shear strength  increases  with the increase  of  pin  height  while  it decreases with 
the increase of welding time.  Another comparative study between FSSW and RSW was 
performed by Khan et al. [14] in welding of dual phase steel DP600. The micro-hardness 
distribution in stir zone of FSSW was 25% higher compared to RSW. Comparison of 
surface finish showed that better surface finish resulted when using RSW process. Better 
surface finish is preferred in automobile industry, [14]. Keyhole and oxidization resulted 
in poor FSSW weld surface finish, which can be minimized by using inert gases. 
Yang et al. [15] investigated the material flow in FSSW of Magnesium AZ31 using 
Cu foil as a tracer in different configurations ( between upper and lower sheet, at the top of 
the upper sheet). According to the authors, putting Cu foil in the sheets interface can give 
an idea about material flow within the process. The Cu foil flows with the parent metal 
while it affects the material flow. Yang et al. [15] pointed out that the threaded pin tool 
produced intermixed stir zone. On the other hand, smooth plain cylindrical pin tool failed 
to produce intermixed stir zone.
Su et al. [16] investigated the intermixing in FSSW of dissimilar AA5XXX to 
AA6XXX. The authors have noticed the absence of intermixing when using simple pin 
tool. Intermixing was observed when using threaded pin tool with dwell time. This resulted
in enhanced material flow.  
Sun et al. [17] studied frequency induction preheating in FSSW of low carbon steel. 
They observed slight increase in stir zone grain size for the preheated welds compared to 
conventional welds. This resulted in an increase in the tensile strength by approximately 
50% for preheated joint compared to conventional process.
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2.2 Numerical Studies in Friction Stir Spot Welding
Numerical modeling of FSSW process is receiving a great deal of attention by many 
researchers [8, 18, 19, 20, 21], and the number is increasing rapidly. Mandal et al. [18]
developed thermo-mechanical model using Abaqus® to simulate plunging step in FSSW 
of Aluminum 2024. The authors compared the attained temperature distribution with 
experimental measurements from literature. A maximum error of about 20% was obtained. 
The axial force was approximately 4 times larger than experimental measurements.
Assidi et al. [19] developed an Arbitrary Lagrangian Eulerian (ALE) finite element 
model  using Forge3® finite element software. The aim of their work was to find a 
numerical approach for accurately computing the interaction between tool and plate by 
computing the frictional contact surface. They used Norton’s friction model. It was 
observed that welding forces and tool temperatures is very sensitive to friction coefficient. 
Their predicted welding force did not match well with experimental measurements for low 
coefficient of friction and welding speed.
Reilly [20] developed a FE model to model the thermal aspect of the process to 
include deformation behavior without the need for a fully-coupled approach in pinless 
FSSW of Aluminum to Aluminum and Aluminum to steel welds. He used sequential small-
strain analysis method. However, the author didn’t show any validation with experiment 
for his model. 
Awang [21] studied the friction phenomenon and heat generation during FSSW 
process. Arbitrary Lagrangian Eulerian (ALE) finite element model was developed using 
Abaqus/Explicit. He defined the friction coefficient at the interface between the workpiece 
and the welding tool as dependent on temperature, pressure and slip rate with sliding 
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Coulomb friction. Close results were obtained with those obtained by Su et al. [22] for only 
1.5 seconds. The authors attributed this discrepancy to the ALE model time consuming and 
needs large storing memory.
Modeling of the material flow during the welding process took also its share in 
developing FEM in literature. Hirasawa  et  al. [8] studied  numerically  the  effect of pin 
tool geometry on temperature distribution  and  the  plastic  flow  of  material  during  
FSSW process.  The  plastic  flow  was analyzed  with  the  elastic–plastic deformation  
model  using  the  particle  method.  The  study concluded  that  the  triangular  pin  tool,  
due  to  its  inherent geometry, showed  enhanced material flow  leading  to high weld 
strength.
Grujicic et al. [23] investigated the material flow in friction stir welding process 
using combined Lagrangain Eulerian domain, the workpiece material is treated as an 
Eulerian component while FSW tool is treated as a Lagrangian component. Temperature 
dependent material properties and Johnson-Cook model were used to model the material 
flow. Grujicic et al. [23] reported that Combined Lagrangian Eulerian method is efficient 
in terms of modeling the material flow during the process.
2.3 Keyhole Remedies Literature
The most critical drawback in FSSW is the keyhole that is left in the workpiece 
after retracting the pin tool during the retraction phase. This hole weakens the weld joint. 
Recently some studies proposed several methods to alleviate and remove the keyhole 
problem [25,26]. One of these solutions is to use pin less tool for flattening and closing of 
the keyhole in a process that is called refilled friction stir spot welding. Venukumar et al. 
[25] compared FSSW with refilled FSSW (RFSSW) using friction forming process. In this 
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process, an additional tool called friction forming tool used to retain the extruded material 
after drawing out phase. Analysis of shear strength showed that refilled friction stir spot 
welding (RFSSW) process provided a higher strength compared to conventional FSSW. 
Moreover, the strength of the conventional FSSW weld was decreasing by increasing the 
rotational speed, while the strength of RFSSW was increasing by increasing the rotational 
speed (only 7% higher strength at 900 rpm and almost double the strength at 1800 rpm).
Sun et al. [26] used Flat Spot Friction Stir Welding (FSFSW) technique to weld 1.0 
mm Aluminum sheet thickness to mild steel sheet. The FSFSW is a modified process of 
FSSW that aims to alleviate the keyhole problem in FSSW. It consists of two steps, the first 
one is a plunging step above a round dent made on the back plate. After that a probe-less 
rotating tool is used to flatten the weld surface. The authors concluded that sound Al/Fe 
welds with similar microstructure and mechanical properties can be obtained after 
flattening step. 
Muci-Küchler et al. [27] modeled the process of modified refilled FSSW using a 
coupled thermo-mechanical finite element model. The authors studied plunging phase in 
this investigation. Clamps were included in the model to squeeze the extruded material 
during plunging, which helps in using this squeezed material to refill the keyhole in 
refilling step.
Zhang et al. [28] used a retractable pin tool to join 3.0 mm thick Magnesium alloy
sheet to 1.0 mm galvanized mild Steel. In this attempt, the effect of stacking sequence of 
Magnesium and mild Steel, rotational speed, plunge depth and pin tool diameter were 
investigated. They studied the effect of rotational speed between 1200-1400 rpm and
concluded that using of 1200 rpm rotational speed resulted in insufficient heat generation.
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According to the authors stacking sequence is a critical variable that would affect the weld 
formation. The authors found that when the Magnesium sheet was placed on the top of 
mild steel, the frictional heat produced during the process dissipates to the Magnesium 
instead of steel. This resulted in a poor quality weld.
Tozaki et al. [29] and Cox et al. [30] used a scrolled type shoulder without probe 
in FSSW of Aluminum alloy and found that shoulder plunge depth has a significant effect 
in FSSW process. Tozaki et al. [29] showed that the scroll shoulder has a superior 
performance in terms of weld quality compared to conventional shoulder in welding of  
6061-T4 sheets. Cox et al. [30] reported that rotational speed and dwell time have a 
controlling effect on probe-less friction stir spot welding process. In addition, they found 
that stronger weld was obtained when low rotational speed and dwell time were used.
Shen et al. [31] analyzed modes of failure in refill friction stir spot welding of 
Aluminum 7075-T6. According to the authors, precipitation state has a dominant effect on 
grain size at different weld regions. Three types of failures were pointed out by Shen et al.
[31], namely, nugget debonding, plug of top sheet and plug of bottom sheet.
2.4 Formation of Voids and Localized Melting in FSSW Literature 
Search
Some investigations in literature highlighted the formation of voids, effect of 
localized melting on tool slippage in FSSW [32]. Gerlich et al. [32] analyzed strain rate 
and temperature variation in stir zone of Al 7075-T6 spot welds. They found that the strain 
rate decreases from 650 to about 20 s-1 when the tool rotational speed increased from 1000 
to 3000 rpm. This happened because tool slippage occurs when the welding parameter 
settings facilitate transient local melting due to high heating rate at high rotational speed. 
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In this study, the authors employed Zener–Hollomon relation to find the strain rate.
Transmission Electron Microscopy (TEM), and Electron Back Scatter diffraction (EBSD) 
characterization techniques were used to find microstructure sub-grain size, thermocouples 
also used to measure the temperature during the process. On the other hand, Reily [20]
employed Zener-Hollomon relation for strain rate calculation. They found the effect of 
rotational speed on strain rate. Transmission Electron Microscopy (TEM) and Electron 
Back Scatter Diffraction (EBSD) were used for sub grain size calculation. Reily [20]
pointed out that Zener-Hollomon relation can’t give accurate results when there is a phase 
change experienced at high heating rate (high rotational speed).
Gerlich et al. [7] found evidences of local melting in AA7075 alloy by quenching 
high plunging rate friction stir spot welds. In this study, the authors compared strain rate 
measurement using Zener–Hollomon  relation for AA2024 to AA7075 and AA5754 to 
Al6061. They concluded that the material being welded and rotational speed parameters 
have a significant effect on the average strain rate.
Wang et al. [33] studied microstructure and failure mechanism in Al6061 during 
lap shear test. They compared macrographs before the specimen failed, at different loading 
steps during specimen failure. They found that the shear initiates from the nugget 
circumferential region between Heat Affected Zone (HAZ) and Thermo-Mechanically 
Affected Zone (TMAZ), then propagates through weld thickness.
Fatigue analysis of FSSW was also carried out as found in some investigations in 
literature [34]. Wang et al. [34] investigated fatigue in FSSW for Aluminum 6061 T6 
experimentally. Close results were attained compared to Paris fatigue model. They stated 
that fatigue cracks in FSSW grow along the circumference of the weld nugget, then 
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propagate through the sheet thickness, before fracture of the specimen occurs. The authors 
described the bonding in spot welded joints by reporting that the interfacial surfaces 
become a zigzag line before it disappears in stir zone where full bonding is happening. 
Closer view to zigzag formation showed that it’s a strip of voids formed due to high 
pressure and plastic deformation. They also performed fatigue test at different cycling loads 
and found that the joint behaved in a similar manner.
Friction stir spot and the refilled process were studied in terms of fatigue response 
by Uematsu et al. [35] who studied the response of refilled FSSW with the weld without 
refilling in Al–Mg–Si  alloys. They performed tensile shear tests and fatigue fracture tests 
on both welds. Refilled welds showed better tensile strength. Both welds failed by shear 
type fracture through the nugget. Fatigue strength was almost the same for both welds.
Mitlin et al. [36] studied the effect of different tool penetration depth on the 
microstructure and size of each metallurgical region beneath the shoulder in welding of Al-
6111. They found evidences of voids formation in the material.
2.5 Friction Stir Welding of Copper
Copper is difficult to weld using conventional welding techniques because it has 
high thermal conductivity. The general trend encountered in the published work in FSW of 
pure copper is to understand the effect of welding parameters on weld quality. Some other 
works were devoted to study the effect of tool geometry on microstructure, surface 
morphology and micro-hardness profile of resulted joint. Kumar et al. [37] investigated the 
effect of pin tool geometry on surface morphology and ultimate tensile strength. Tapered 
cylindrical, triangular, square pentagonal, and hexagonal pin tools were studied. Analysis 
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of surface morphology showed that the lowest amount of flash was observed in the square 
pin tool welds, which experienced superior ultimate tensile strength and very fine 
microstructure of the weld zone. The authors concluded that the pin tool geometry has a 
significant effect on the mechanical properties of the joints. Welding efficiency of 85%
was obtained for square pin tool.  Park et al. [38] analyzed the effect of rotational speed 
and welding speed on  stir zone microstructure and tensile strength of the weld for 60% 
Cu–40% Zn copper alloy. They found that the stir zone grain size is decreasing with 
decreasing of the heat input, and the welding speed has no significant effect on the tensile 
strength.
Sakthivel and Mukhopadhyay [39] used hardened simple cylindrical pin tool having a 
hardness of 55 HRC to make a butt joint of 2 mm thick pure copper plates. Welding
efficiency of 85% with defect free weld was obtained at tool rotational speed of 1000 rpm 
and welding speed of 30 mm/min. Furthermore, the welds microstructure was analyzed in 
this study. Elongated grains were observed in TMAZ. Coarse grains were observed in HAZ 
with the lowest hardness and fine equiaxed grains in weld nugget, which has higher 
hardness with respect to the base metal. Meran et al. [40] correlated the axial tool force to 
the weld quality. The study showed the importance of having constant axial tool force to 
obtain a good appearance and strong joint.
Cederqvist et al. [41] derived a relationship between power input and tool temperature 
to control the stability of the process and to keep the tool temperature within a low 
temperature range. The authors reported that the risk of probe fracture increases with tool 
temperature. Andersson et al. [42, 43] reported that high temperature tool steel pin tool is 
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not suitable in friction stir welding of 10 mm thick pure copper sheet due to softening of 
the pin tool at tool temperature of 540oC.
Galvão et al. [44] studied the effect of three shoulder geometries in FSW of copper 
thin sheets. Internal defect was observed for all geometries under study, namely, flat, 
conical and scrolled type at low rotational speed. Using of scrolled type shoulder resulted
in finest grain regardless of spindle rotational speed. In terms of material flow, the authors 
reported that the scrolled type shoulder developed adequate material flow around the pin 
and the highest heat input to the weld.
Heidarzadeh at al. [45] also carried out experimental investigation of FSW of pure 
copper using response surface methodology design of experiment. They concluded that 
increase of heat input increases elongations percent. They also observed more dimples in 
tensile test fractographs at high heat input indicating ductile fracture mode.
2.6 Pin Tools Materials in FSW of Pure Copper
Table 2.1 summarizes some pin tool materials used in literature for friction stir 
welding of pure copper or copper alloys.
2.7Pin Tool Materials Literature Search
Table 2.2 summarizes the operating conditions for FSSW and corresponding work-
piece and pin tools materials.
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Table 2.1 Pin Tool Materials and Welding Parameters for Welding of Copper and Copper Alloys
# Author
Pin Tool Material 
Used
Rotational 
Speed [rpm]
Remarks
1
Kumar et al.
[37]
H13 Tool steel 900 -
2 Park et al. [38] Not mentioned 1000-1500
- Dissimilar Cu/Brass FSW.
- 12-4-2 (shoulder diameter, 
probe diameter, and probe 
length, respectively).
3
Sakthivel and 
Mukhopadhyay
[39]
Oil Hardned steel 1000 Material not specified 
4
Cederqvist et 
al. [41]
Not mentioned 400-450
- Probe fracture due to high 
tool temperature (above 
950oC) was experience and 
mentioned in this study. 
- The authors also 
mentioned that very low 
rotational speed may 
damage the machine.
5
Heideman et al.
[46]
H13 Tool steel 2000
- Al/Cu FSW
- 2000 rpm May not be 
suitable for Cu-Cu 
welding because Al/Cu 
is colder
6 Lee et al. [47] Tool steel 1250 Material not specified 
7 Xu et al. [48] Not mentioned 400-800
According to the authors 
almost 100% weld efficiency 
was achieved at 400 rpm.
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Table 2.2 Pin Tool Materials, Work-Piece Material and Welding Parameters
# Author
Workpiece 
material
Pin Tool 
Material
Pin tool 
Feature
(Shoulder 
Diameter-
Pin
Diameter)
[mm]
Rotational 
speed 
range
[rpm]
Plunging 
Rate 
range
[mm/min]
Dwell 
Time 
Range
[seconds]
1
Cox et al.
[30]
AA2024-T3
01 AISI oil 
hardened tool 
steel
Scrolled-
spherically 
tapered  
shoulder
10.2 mm
750-1750 7.8-18 2-6
2
Meran et al.
[40]
Copper/brass
X155CrMoV12 
– 1
Plain
5-12
1500
3
Karthikeyan 
et al. [49]
AA2024
High Carbon 
steel
Threaded 
5.4-16.2
600-1400
4-20 3-7
4
Fernandez et 
al. [50]
cast 
Aluminum
AISI 01
threaded
6.3
500-1000 - -
5
Cao et al.
[51]
AZ31B-H24
Mg alloy
H13 steel
6.35-19
500-2000 - 2.5
6
Mahgoub et 
al. [52]
Pure Copper
AISI 01 oil 
hardened
Plain
5-11.52
900-1200 20 2-4
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Chapter 3
Chapter 3 EXPERIMENTAL WORK
In this chapter the experimental work preparations, methodology and setup are
presented. Then a design of Experiment (DoE) is carried out using Minitab® [53] to study 
the effect of process parameters on commercial pure copper FSSW weld quality and 
strength. Experimental work preparation includes pin tool design, manufacturing and heat
treatment for the pin tool to meet the desired hardness value.
3.1 Chemical Composition of Pin Tools Material
The chemical compositions of pin tool material AISI 4140 and AISI-01 are shown in 
Table 3.1.
Table 3.1 Measured Chemical Composition for AISI 4140 and AISI 01 in percentage (%)
Material C Si Mn Cr Cu Ni Mo V W Fe
AISI 
4140
0.511 0.214 0.763 0.924 - 0.117 0.142 - 0.0513 97.0
AISI 01 1.42 0.41 0.354 0.434 0.0282 0.0718 0.0206 0.0917 0.0427 97.1
3.2 Base Material Chemical Composition and Mechanical Properties
The work-piece material joined in this study is commercial pure copper. Elemental 
analysis is performed for chemical composition. Table 3.2 presents pure copper chemical 
composition. The percentage of pure copper in the commercial pure copper material is 
98.6% while the rest is other constituents including Zinc, phosphore and Cobalt.
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Table 3.2 Measured Pure Copper Chemical Composition in percentage (%)
Zn Pb Co Cu
0.23 0.165 0.146 98.6
Commercial pure copper was tested to measure the mechanical properties. Samples 
were cut according to ASTM E8M Standard [54]. Instron 5589 tensile test machine is used 
in the tensile test. Table 3.3 presents pure Copper mechanical properties. The base material 
yield stress is 157.4 MPa.
Table 3.3 Measured Pure Copper Mechanical Properties
3.3 Pin Tools Designs
Simple and threaded pin tools were used in the experiments of FSSW as shown in 
Figure 3.1. The pin tools have 5.0 mm diameter and 3.0 mm length. Threaded and simple 
tools have similar dimensions. The main difference is the threaded feature in the threaded 
pin tool.
3.4 Pin Tools Heat Treatment
Heat treatment of pin tools was carried out to obtain a hardness of 55 HRC. This 
hardness is appropriate for FSW of pure copper according to Sakthivel and Mukhopadhyay
[39]. 
Material
Yield Stress 
[MPa]
Ultimate 
Tensile Stress 
[MPa]
Maximum 
Tensile Strain
(%)
Density 
[kg/m3]
Commercial Pure 
Copper
157.4 216.7 37.9 8940
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Figure 3.1: (a) Simple Pin Tool Design, (b) Threaded Pin Tool Design
To obtain accurate dimensions for the pin tools according to the design, heat 
treatment allowance was considered. Figure 3.2 shows the relation between tempering 
temperature and length change in inches for oil hardened tool steel AISI “01”. This Figure 
was consulted to obtain the desired pin diameter and length after heat treatment. At 
tempering temperature of 250oC (482 o F), the allowance is 0.0014 inch (0.035 mm). 
However, 0.035 mm was added to 6 mm diameter pin tool shank as heat treatment 
allowance, which fitted properly into tool holder. Table 3.4 illustrates heat treatment 
procedure.
All dimensions are in mm, all fillets are 0.5 mm.
(a) (b)
(oF)
Figure 3.2: Heat Treatment Allowance for AISI 01
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Table 3.4 Pin Tools Heat Treatment
3.5 Shoulder Geometry
Figure 3.3 shows scrolled concave steel shoulder manufactured by MTI [55] is used in 
the experimental work. The scrolled feature on shoulder surface enhances material flow 
and mechanical work produced by the shoulder. The shoulder has a diameter of 11.52 mm 
and 6 mm internal diameter to insert the pin tool.
3.6 Experimental Setup
Two copper plates, having dimensions of 138 mm length, 60 mm width and 2.0 mm 
thickness were selected. The gripping length is 62.5 mm, the overlapping area is 45X60 
mm2 according to American Welding Society Standard [56]. Special fixtures were 
designed, manufactured and used to assure the lap joint alignment, and reduce welding 
Pin tool 
material
Hardening 
Temperature
[oC]
Quenching 
Media
Tempering 
Temperature
[oC]
Hardness
(HRC)
AISI “01” 800 Oil 250 55
AISI 4140 850 Water 100 55
Figure 3.3: Scrolled Type Shoulder Used in Experimental Work (All Dimensions in mm)
Pin ToolTool holder
5.0 mm
11.52 mm
Shoulder
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setting time. Clamps with screws were also used for mounting the upper plate over the 
lower one. Clamps were tightened to prevent the work-piece from pulling up. A spacer was 
used to bear upper plate in the lap joint configuration. Figure 3.4 shows the experimental 
setup.
Figure 3.4: Experimental Setup Fixtures
Experimental work was performed using FSW machine MTI RM-1 FSW developed by 
Shuaib et al. [57]. This machine is fully controlled with embedded data acquisition system 
capable of providing all experimental measurement needed, such as spindle torque, forging 
force, instantaneous plunging rate and x, y, z movements and forces. Figure 3.5 shows the
MTI RM-1 friction stir welding machine used in the experimental work. For tensile shear 
strength test coupons were prepared according to AWS/ANSI/SAE D8.9-97 standard as 
shown in Table 3.5 and Figure 3.6.
ClampsFixture
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Figure 3.5: MTI-RM-1 FSW Machine
3.7 Experimental Work Methodology
After performing FSSW on the lap joint configuration. Mechanical and metallurgical 
tests have been performed to test the quality of the weldment. These tests are listed below.
3.7.1 Tensile Shear Strength Analysis
Tensile test machine Instron® 5589 is used to perform tensile shear strength tests of 
friction stir spot welds. Tensile tests were conducted at 1 mm/min cross head. Two spacers 
were glued to the lap joint to obtain a flat, aligned tensile test coupon as shown in 
Figure 3.6. Two samples were tested for each set of welding parameters.
Table 3.5 AWS Standard D8-9 1997 [56]. All Dimensions are in mm.
Sheet 
Thickness
Coupon 
Length 
Coupon 
Width 
Overlap 
Length
Sample 
Length
Unclamped 
Length
Gripped 
Length
0.6-1.29 105 45 35 175 95 40
1.3-3.00 138 60 45 230 105 62.5
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3.7.2 Evaluation of Weld Joint Quality
Weld joints characterizations were carried out to understand the effect of welding 
parameters on weld microstructure, macrographs, micrographs and fractographs after 
tensile shear failure.
The following tools were used in characterizing the weld quality:
- Optical microscope INFINITY 8.0 for microstructural analysis and grain size 
determination.
Spacers
Figure 3.6: Weld Joint Dimensions
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- The Scanning Electron Microscopy SEM analysis using JEOL Scanning Electron 
Microscopy  is performed to obtain a high magnification images of the following 
regions:
 On the hook feature to examine weld quality in terms of formation of voids and 
to measure effective upper sheet thickness.
 On the fracture surfaces of the tensile test failed samples.
3.7.3 Experiment Design Matrices
The key parameters that controls FSSW process and determines welds tensile shear 
strength are rotational speed (N), plunging rate (V), dwell time (DT), pin tool length, and 
pin tool geometry. These parameters were highlighted in references [6, 8, 12, 32, 57]. 
The process parameters that were considered are rotational speed, plunging rate,
dwell time and pin tool geometry. According to studies that have been reported in FSW of 
pure copper, many investigations reported that a sound weld quality was obtained at 900 
rpm and 1200 rpm rotational speed [37, 47]. Kumar et al. [37] reported that a sound weld 
was obtained at 900 rpm rotational speed and 40 mm/min welding speed in FSW of pure 
copper. On the other hand, Lee et al. [47] investigated FSW of pure copper and they 
reported that the optimum welding condition is 1250 rpm rotational speed and 61 mm/min 
welding speed. Moreover, preliminary experiments in the current work revealed that the 
welds that were produced at 600 rpm rotational speed have relatively low weld strength 
compared to 900 rpm and 1200 rpm rotational speed. In this study, rotational speeds of
1200 and 900 rpm were considered.
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Preliminary experiments were conducted to identify range of welding parameters as well 
as testing of the experimental setup, fixtures, and clamps. These experiments showed that 
some modifications on the setup were necessary to eliminate movement of the work-piece 
during welding.
Welding parameters at 1200 rpm rotational speed, 20 mm/min plunging rate, 4 
seconds dwell time and AISI 01 pin tool material were selected as to deliver the highest 
heat input applied in the experiment matrix that was considered in this study. Table 3.6 
shows the experiment work matrix.
Table 3.6 Main Factorial Design of Experiment Matrix
Experiment 
No.
N
[rpm]
V
[mm/min]
DT 
[seconds]
1 1100 40 3
2 1200 20 2
3 1200 20 4
4 1200 60 2
5 1200 60 4
6 900 20 2
7 900 20 4
8 900 60 2
9 900 60 4
3.7.4 Effect of Pin Tool Feature Experimental Matrix
Threaded and simple cylindrical pin tools were considered. The threaded pin tool 
was fractured at 1200 rpm rotational speed due to excessive heat input, so only 900 rpm 
rotational speed is studied for the threaded pin tool. According to full factorial design of 
experiment, the 60 mm/min plunging rate using simple pin tool resulted in poor weld 
strength and quality, for that reason only 20 mm/min plunging rate is considered for the 
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threaded pin tool analysis. Table 3.7 illustrates the effect of pin tool geometry experiment 
matrix.
Table 3.7 Effect of Pin Tool Geometry Experiment Matrix
Experiment 
No.
Pin Tool 
Feature
N 
[rpm]
V
[mm/min]
DT
[seconds]
1
Simple
900 20 2
2 900 20 4
3
Threaded
900 20 2
4 900 20 4
3.7.5 Microstructural Analysis
One sample from each set of welding parameters cited in Table 3.6 was sectioned and 
mounted in epoxy resins, followed by grounding, mechanically polishing and etching using 
a solution of 1 gram FeCl3, 10 ml HCl added to 100 ml desalinated water, to reveal the 
welded zone micro-structure. Infinity 1 optical microscope was used to obtain 
microstructure of welding zones.
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Chapter 4
Chapter 4 EXPERIMENTAL WORK RESULTS
This chapter presents experimental work results that include effect of welding 
parameters (Rotational speed, Plunging rate, Dwell time and pin tool geometry) on the 
following:
 Forging force by the pin tool
 Tensile shear strength.
 FSSW weldment quality, which includes the following.
- SEM micrographs for hook feature.
- Effective upper sheet thickness.
- Metallurgical bonding region Area.
- Fracture surface morphology analysis.
4.1 Effect of Welding Parameters on Forging Force
Forging force is the pin tool reaction to plunging of the pin tool into the work-piece. 
Lower forging force was observed at lower plunging rate. Figure 4.1 shows that the 
maximum plunging force required at a rate of 20 mm/min is 14 kN while for the 60 
mm/min plunging rate is 19 kN. It also shown that lower forging forces are experienced at 
20 mm/min.
Plunging rate of 20 mm/min produced higher heat input to the weld compared to 
60 mm/min plunging rate, because 20mm/min plunging rate takes longer time. Higher heat 
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input will result in higher temperature distribution and more material plasticization that
facilitates the forging process and leads to significant reduction in forging force. Figure 4.1
shows that lower forging forces were experienced at 20 compared to 60 mm/min plunging 
rate.
Figure 4.2 shows effect of rotational speed on forging force. Increasing of rotational 
speed corresponds to significant reduction on maximum forging force experienced during 
the process according to hypothesis testing which showed that the P-value is less than 0.05
where P is the probability distribution of F statics in the non-parametric test. The maximum 
forging force at 1200 rpm, 60 mm/min and 4 seconds is 22.3 kN while it reduces to 19.4 
kN at 1200 rpm for the same plunging rate and dwell time. This reduction in forging force 
results from higher heat input at the higher rotational speed.
Figure 4.1: Effect of Plunging Rate on Forging Force for N=1200 rpm, and DT= 4 seconds
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Figure 4.2: Effect of Rotational Speed on Forging Force for V=60 mm/min, and DT=4 seconds
Forging forces for 1200 rpm and 60 mm/min at two different dwell times of 2 and 
4 seconds are shown in Figure 4.2. Increasing the dwell time showed almost no significant
effect on the maximum forging force experienced at 1200 rpm and 60 mm/min. T-test for 
the effect of rotational speed on the forging force resulted in P-value greater than 0.05 
which supports the claims that increasing the dwell time is not affecting the maximum 
forging force. Increasing the dwell time means allowing stirring phase to take longer time 
resulting in higher heat input to the weld. Zhang et al. [58] pointed out that rotational speed 
and dwell time are predominant factors of heat input to the weld. So increasing the dwell 
time would not affect the maximum forging force experienced during the welding. Dwell 
time may significantly affect heat input to the weld and weld quality and peak temperature 
experienced during welding. Effect of dwell time on forging force experienced by the pin 
tool is shown in Figure 4.3.
0
5
10
15
20
25
0 3 6 9 12 15 18
Time (seconds)
900 rpm
1200 rpm
33
Figure 4.3: Effect of Dwell Time on Forging Force for N=1200 rpm and V=60 mm/min
4.2 Microstructural Analysis
The microstructure analysis of the FSSW cross-sections specimen showed four 
microstructural regions. Figure 4.4 shows the average grain size at different microstructural 
regions for the FSSW welds produced using a threaded pin tool at a rotational speed of 900
rpm, plunging rate of 20 mm/min and 2 seconds dwell time.  
The base metal microstructure is shown in Figure 4.5a. Figure 4.5b shows very fine 
microstructure on the Stir Zone (SZ) of the welded specimen. A very fine microstructure is 
resulted from mechanical working and dynamic recrystallization  during FSSW process
[15, 58, 59].
Thermo-Mechanically Affected Zone (TMAZ) is located between the SZ and HAZ. 
This zone has a little bit coarser microstructure compared to SZ microstructure and finer 
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microstructure than the heat affected zone (HAZ). The TMAZ microstructure is shown in 
Figure 4.5c. The Heat affected zone is surrounding the SZ. This region is only affected by 
the thermal cycle, which results in grain coarsening due to self-annealing effect. Figure 
4.5d shows the (HAZ). The HAZ microstructure is coarser than the base metal
microstructure. The HAZ is not affected by mechanical working because it is far from the 
welding center.
Varying the welding parameters is affecting the grain size in these affected zones.
Increasing of heat input results in grain coarsening and consequently increase of the
average grain sizes in these zones, while reduction of heat input to the weld results in grain 
refinement and reduces average grain size of welded samples.
Figure 4.4: Microstructural Zones Grain Size of Threaded Pin Tool at N=900 rpm, V= 20 mm/min and DT=2 
seconds
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Figure 4.5: Microstructural Zones on Friction Stir Spot Welds Produced at 900 rpm, 20 mm/min and 2 seconds Using Threaded Pin 
Tool
(a) Base Metal (BM) (b) Stir Zone (SZ)
(c) Thermo-Mechanically Affected Zone (TMAZ) (d) Heat Affected Zone (HAZ)
50 µ m 50 µ m
50 µ m50 µ m
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4.3 Evaluation of Weld Joint Quality
Three metallurgical parameters were studied to evaluate the FSSW welds. These 
parameters are hook formation quality, effective upper sheet thickness, and complete 
bonding region area. Figure 4.6 shows metallurgical bonded regions, hook and effective 
upper sheet thickness at 900 rpm rotational speed, 20 mm/min plunging rate and 2 seconds 
dwell time.
4.3.1 Weld Joint Quality on the Hook Feature
Scanning Electron Microscopy (SEM) analysis was carried out on the hook feature 
(end of the transition region) to investigate the effect of welding parameters on quality of 
the weld at the hook in terms of existing of cracks and voids.
Extruded Flash
Bonding 
Region
Transition
Bonding 
Region
Keyhole
Hook
Effective Upper Sheet Thickness
Figure 4.6: SEM Micrograph of Metallurgical Bonded Regions, for N=900 rpm, V=20 mm/min, DT = 2 seconds
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This region is a critical one, where cracks resulting from applying external loads 
initiate, and then propagate through the sheet thickness or along sheets interface. This 
observation is in agreement to what has been highlighted by Wang et al. [34].
Figure 4.7 and Figure 4.8 show the end of transition region (also called hook) for 
1200 rpm, 20 mm/min, 2 seconds and 4 seconds dwell time, respectively.  Both 
micrographs show end of transition region that is free of voids and cracks. The effect of 
increasing the dwell time from 2 seconds to 4 seconds results in a formation of white 
bubbles. These bubbles are expected to form under high pressure and heat input. 
(a) Over look view (b) Higher Magnification 
Figure 4.8: SEM Micrographs for the End of Transition Region at N= 1200 rpm, V=20 mm/min, DT=4 seconds
Figure 4.7: SEM Micrographs for the End of Transition Region at N=1200, V=20 mm/min, DT=2 Seconds
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Figure 4.9a and Figure 4.9b show transition region and hook feature respectively,
at 900 rpm, 20 mm/min and 2 seconds. Isolated voids were formed along the transition 
region with absence of white bubbles. Absence of white bubbles proved that for lower level 
of heat input (i.e. 900 rpm rotational speed) the white bubbles will not form. 
Hook formation was observed for 1200 rpm, 60 mm/min and 2 seconds as shown 
in Figure 4.10a. Cracks and voids at the end transition region were observed. This hook
feature facilitates cracks initiation and propagation. Figure 4.10b shows the end of 
transition region for 1200 rpm, 60 mm/min and 4 seconds. Smooth end transition region 
with presence of isolate voids along the end of transition region was observed, as shown in 
Figure 10.b. Tensile shear strength analysis showed relatively lower tensile shear strength 
for all rotational speeds with 60 mm/min plunging rate, and 2 seconds dwell time (mean of 
the tensile weld strength is less than 3.65 kN). Mean of the tensile weld strength of 5.45 
kN was recorded for 1200 rpm, 60 mm/min and 4 seconds dwell time.
Voids
(b) Higher Magnification (a) End of Transition Region 
Figure 4.9: SEM Micrographs at N=900 rpm, V= 20 mm/min DT = 2 seconds
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Smooth end transition region, free of voids was observed at 1200 rpm, 20 mm/min 
and 2 seconds dwell time as shown in Figure 4.7.  Increasing the dwell time from 2 to 4 
seconds for the same rotational speed and plunging rate did not manifest any enhancement 
of weld quality. However, the amount of white bubbles around the transition region has 
increased. High plunging rate of 60 mm/min did not deliver sound weld for 2 seconds dwell 
time. Increasing dwell time to 4 seconds in case of 60 mm/min plunging rate enhanced the 
quality of transition bonding region, leading to an increase in tensile shear strength
of 5.45 kN. 
In summary, the analysis of hook feature revealed that the quality of the hook can
give an indication for the weld strength. Absence of cracks and voids indicates high weld 
strength while hook feature with cracks, voids indicates the opposite.
4.3.2 Effective Upper Sheet Thickness Analysis
Effective upper sheet thickness is the distance from hook tip to top surface of upper 
sheet as shown in Figure 4.6. Figure 4.11 shows effective upper sheet thickness for 
different welding parameters. According to Figure 4.11a to Figure 4.11c high plunging rate 
(a) DT = 2 seconds (b) DT = 4 seconds
Figure 4.10: SEM Micrographs at N=1200 rpm, V= 60 mm/min
Voids
Cracks
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pushes the hook downward so that the effective upper sheet thickness is greater than 2 mm 
(2.0 mm is the upper sheet thickness). On the other hand, hook goes upward for 20 mm/min 
plunging rate as shown in Figure 4.11d and Figure 4.12 a,c and d. Material flow during the 
welding process influences the hook formation whether it goes upward or downward.
teff =2.15 teff = 1.75 
(c) (d)
teff =2.2 
(b)
Figure 4.11: Effective Upper Sheet Thickness, (a) N=1200 rpm, V=60 mm/min, DT=2 seconds-Left, (b) 
N=1200 rpm, V=60 mm/min, DT=2 seconds-Right, (c) N=900 rpm, V=60 mm/min, DT=2 seconds, (d)
N=1200 rpm, V=20 mm/min, DT=4 seconds
(a)
teff =2.2 
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Yuan et al. [2] pointed out that the strength of the FSSW welds depends on size of 
bonding region, hooking feature, and effective thickness of the upper sheet. They 
concluded that higher effective upper sheet thickness indicated higher tensile shear 
strength. Badarinarayan et al. [11] studied the effect of tool geometry on hook formation.
They have shown that tool geometry significantly affects hook formation and effective 
upper sheet thickness as shown in Figures 4.11 and 4.12 and hook feature is attributed to 
the material flow during the welding process. They also found that increasing of effective 
upper sheet thickness increases the tensile shear strength of the weld. They also have shown 
that crack initiation and propagation are determined by bonded region size, material 
properties and stress concentration. Large effective upper sheet thickness (larger than 2.0 
mm) at 60 mm/min plunging rate resulted in low tensile shear strength below 3.5 kN. 
Smaller effective upper sheet thickness for 20 mm/min plunging rate welds, obtained
relatively higher welds strength more than 4.5 kN compared to 60 mm/min plunging rate. 
However, no direct relationship was found between effective upper sheet thickness and
tensile shear strength as reported by Badarinaryan et al. [11].
According to experimental observations, hook formation is affected by material 
flow during the process. Heideman et al. [46] highlighted the importance of material flow 
from lower sheet to the upper one to produce a sound weld with high tensile shear strength. 
This was also reported by Yang et al. [15] who proposed an experimental material flow 
model for FSSW. Flowing of the material from lower sheet to the upper one enhanced 
material flow and consequently improved weld joint strength. However, flowing of the 
material from the lower to the upper sheet moves the hook upward towards the upper sheet 
[15]. Hook moving upward reduces effective upper sheet thickness. It indicates better 
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material flow that results in better weld strength. This contradicts Heideman et al. [46] who 
highlighted the direct relation between the weld strength and the effective upper sheet 
thickness. This contradiction may have resulted from analysis of different materials.
teff = 2.2 mm
(a)
teff = 2 mm
(b)
teff = 1.3 mm
(d)
teff = 1.7 mm
(c)
Figure 4.12: Effective Upper Sheet Thickness, (a) N=900 rpm, V=60 mm/min, DT=4 seconds, 
(b) N=1200 rpm, V=60 mm/min, DT=4 seconds, (c) N=900 rpm, V=20 mm/min, DT=2 seconds-
Threaded, and (d) ) N=900 rpm, V=20 mm/min, DT=4 seconds-Threaded
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In conclusion, the effective upper sheet thickness can give indication for the 
material flow during the process. Bonding region area may have significant effect on the 
weld strength. Similar observation was reported by Yuan et al. [2].
4.3.3 Metallurgical Bonding Region Area Analysis
The optical microscope and micrometers in x and y directions that were embedded 
with the micro-hardness tester machine were utilized in measuring the bonding region size
for each set of welding parameter. Complete Bonding Region Size (CBRS) is measured
from the hook tip to the keyhole edge, then Complete Bonding Region Area (CBRA) in 
mm2 is the annulus area which can be calculated by considering the keyhole area using the 
following equation.
This data was used to investigate the effect of welding parameters on bonding 
region size. Complete metallurgical bonded region and hook feature of friction stir spot 
cross-section as shown in Figure 4.6 and Table 4.1 shows bonded region size.
Table 4.1 Bonding Region Size
Simple Pin Tool
Experiment 
No.
N
[rpm]
V
[mm/min]
DT
[seconds]
Mean of Tensile 
Shear Strength
[kN]
Complete Bonding
Left
[mm]
Right
[mm]
1 900 60 2 3.15 1.12 1.3
2 900 60 4 4.4 0.61 0.53
3 900 20 2 3.25 1 0.95
4 900 20 4 4.4 2.5 2.4
5 1200 60 2 3.65 0.34 0.47
6 1200 60 4 5.45 2.35 2.1
7 1200 20 2 5.55 1.35 1.36
8 1200 20 4 5.15 1.7 1.72
Threaded Pin Tool
1 900 20 2 7.115 1.56 1.56
2 900 20 4 7.075 2 2
 =  × [(
 + 2.5) − 2.5] (4.1)
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Figure 4.13 shows main effect plot of complete bonded region output. From this 
figure, it can be concluded that rotational speed has almost no significant effect on bonded 
region area. 
These results can be verified from the Vickers micro-hardness profile for the effect 
of rotational speed as shown in Figure 4.14. The steep reduction in hardness profile is 
attributed to transition region zone. This steep reduction occurred at the same distance from 
the weld center, which means that increasing of rotational speed has no significant effect 
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Figure 4.13: Main Effect Plot of Welding Parameters on Bonding Region Area
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Figure 4.14: Effect of Rotational Speed Variation on Vickers Micro-Hardness Profile on Sheets Interface at 
V=20 mm/min, DT=2 Seconds Using Simple Pin Tool
on bonding region. Steep reduction in the micro-hardness profile at sheets interface 
indicates measuring the hardness on partial bonded region where voids start to exist. 
According to Figure 4.14 steep reduction occurred at the same distance from the weld 
center for both rotational speed, which means that rotational speed has no significant effect 
on varying bonding region area. In addition, ANOVA analysis shown in Table 4.2 confirms
that rotational speed has no significant effect on bonding region area because it has the 
highest P-value that is greater than 0.05.
Table 4.2 P-values from Analysis of Variance of DoE parameters of Bonding Region Area Output
Welding Parameters P: Probability Distribution
Rotational Speed N [rpm] 0.89
Plunging Rate V [mm/min] 0.44
Dwell Time DT [seconds] 0.37
Figure 4.15 shows weld parameters interaction plot for bonded region area output. It is 
clearly shown that rotational speed has no significant effect on bonded region area. 
Conversely, dwell time and plunging rate are significantly affecting the bonded region area. 
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Increasing the dwell time resulted in increase of the bonded region area as shown 
in main effect plot on Figure 4.13. These results are in agreement with the micro-hardness 
profile along the interface because increasing the dwell time from 2 to 4 seconds resulted 
in wider area before micro-hardness steep reduction compared to 2 seconds dwell time at 
1200 rpm, 60 mm/min plunging rate as shown in Figure 4.16. Interaction plot on Figure 
4.15 also shows that dwell time is increasing bonded region area regardless of rotational 
speed and plunging rate.
On the other hand, increasing the plunging rate reduced the bonded region area as 
shown in Figure 4.13. Welds that were produced at 20 mm/min plunging rate have higher 
Figure 4.15: Interaction Plot for the Effect of Welding Parameters in Bonding Region Area for 
Simple Pin Tool
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bonded region area for all dwell times. This is in conformance with micro-hardness profile 
on sheets interface results as shown in Figure 4.17.
Figure 4.16: Effect of Dwell Time on Vickers Micro-Hardness Profile in Sheets Interface at N=1200 rpm and V = 
60 mm/min Using Simple Pin Tool
Figure 4.17: Vickers Micro-Hardness Profile in Sheets Interface at N=1200 rpm and DT=2 seconds, Using 
Simple Pin Tool
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Badarinarayan et al. [11] pointed out that bonded region area is the area that carries
the load. The authors reported that this area is one of the parameters that influences FSSW 
welds strength. From Table 4.1 it’s clearly seen that increase of bonding region often 
resulting in higher tensile weld strength. This finding is similar to the observation reported 
by Badarinarayan et al. [11]. 
4.4 Tensile Shear Strength Analysis
Tensile shear strength is carried for the simple tool full factorial design of 
experiments as shown in Table 3.6. To investigate the effect of pin tool geometry the 
experiment matrix Table 3.7 was considered.
4.4.1 Full Factorial Design of Experiment
Full factorial design of experiment is implemented for rotational speed, plunging 
rate and dwell time, using a simple pin tool. Minitab® is used for the analysis of factorial 
design of experiment as illustrated in Table 3.6.
The main effect plot of design of experiment parameters for tensile shear strength 
output is shown in Figure 4.18. It is clearly shown that weld joint tensile shear strength is 
increasing with increase of rotational speed for all plunging rate and dwell time considered. 
Cox et al. [60] studied the effect of rotational speed on FSSW of Aluminum alloy. The 
highest tensile shear strength was obtained at 750 rpm rotational speed. Increase of 
rotational speed to 2000 rpm decreased weld strength. They concluded that decreasing of 
rotational speed results in higher weld strength, which is in contradiction to the finding of
this investigation. This controversy could be attributed to the different welding parameters 
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and different materials used for welding. Heat input to the weld is influenced by the 
material properties of the work-piece being welded.
Analysis of variance (ANOVA) of experiment was conducted by taking 5%
confidence interval. Table 4.3 shows P-value according to ANOVA analysis for the effect 
of welding parameters on tensile shear strength. According to Table 4.3, rotational speed 
has the most significant effect on tensile shear strength of the joint, followed by dwell time 
while plunging rate has no significant effect because its P-value is higher than 0.05.
Table 4.3 P-values from Analysis of Variance of DoE Parameters of Tensile Shear Strength Output
Parameters P: Probability Distribution
Rotational Speed N [rpm] 0.01
Plunging Rate V [mm/min] 0.073
Dwell Time DT [seconds] 0.014
Heideman et al. [46] found that the rotational speed has the most significant effect 
on tensile shear strength when it increases from 1000 to 2000 rpm. They also found that
rotational speed has no significant effect when it increased from 2000 to 3000 rpm. This 
may be resulted because adequate heat input is produced at 2000 rpm rotational speed more 
increase on heat input will has no significant effect on weld strength.
On the other hand, Zhang el al. [58] pointed out that grain coarsening resulted from 
high heat input at high rotational speed decreases joint strength. However, increasing of 
rotational speed in this study increased heat input to the weld as well as weld joint tensile
shear strength. This controversy may be attributed to the rotational speed under study and 
material properties. High rotational speed increases heat input as well as plasticization 
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under the pin, allowing better material flow and voids free welds according to Galvão et 
al. [44].
Increasing of plunging rate from 20 to 60 mm/min decreases the mean of the tensile 
shear strength from 4.6 to 4.2 kN. Increasing dwell time from 2 to 4 seconds increases the 
mean of tensile shear strength from 4.2 to 4.6 kN as shown in Figure 4.18.
Figure 4.18: Main Effect of Welding Parameters in Tensile Shear Strength Plot for Simple Pin Tool
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Increasing plunging rate resulted in decrease of the tensile shear strength. The 
reduction in tensile shear strength is steeper for 1200 rpm case, because reduction in heat 
input at 1200 rpm is much higher than at 900 rpm as shown in Figure 4.19.
Figure 4.19: Welding Parameters Interaction Plot for the Simple Pin Tool
In summary, full factorial design analysis showed that rotational speed has the most 
significant effect on tensile shear strength of the weld joint. Increasing of rotational speed 
resulted in higher weld strength. Increasing the dwell time from 2 to 4 seconds has no 
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significant effect on increasing weld strength for 1200 rpm rotational speed and 20 mm/min 
plunging rate. This may be attributed to sufficient heat input to the weld for 1200 rpm, 20 
mm/min and 2 seconds dwell time. Dwell time affected weld strength of 60 mm/min 
plunging rate significantly.
4.4.2 Effect of Pin Tool Geometry on Tensile Shear Strength
Figure 4.20 shows comparison between tensile shear strength analysis carried out 
for threaded and simple pin tool. Welding was performed at 900 rpm rotational speed, 20 
mm/min plunging rate and 2 seconds dwell time for both pin tools. Threaded pin tool 
produced a weld having a tensile shear strength of 7 kN, while simple pin tool weld 
produced 3.5 kN tensile shear strength. Because threaded pin tool enhances material flow 
during welding, this resulted in a higher weld strength.
Figure 4.20: Effect of Pin Tool Feature on Tensile Shear Strength
4.4.3 Effect of Dwell Time on Tensile Shear Strength for the Threaded Pin
Tool
Experimental testing for friction spot welds revealed that changing the dwell time 
from 2 to 4 seconds has shown no significant change in weld tensile shear strength using 
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threaded pin tool at 20 mm/min plunging rate and 900 rpm rotational speed. This may be 
attributed to sufficient heat input produced for 2 seconds dwell time. More heat input for 4
seconds dwell time has shown no significant effect on weld strength as depicted in
Figure 4.21.
Figure 4.21: Tensile Shear Strength Results, N=900 rpm, V=20 mm/min using threaded pin tool
4.5 Fracture Surface Morphology Analysis
Scanning Electron Microscopy (SEM) analysis was carried out for fracture surface 
after tensile shear strength test to investigate the effect of welding parameters on the 
resulted fracture mode.  For validation purposes of these results, tensile shear strength –
Extension graph was consulted. All SEM micrographs were taken from a region that is 
very close to the keyhole, located in stir zone adjacent to the keyhole.
4.5.1 Effect of Dwell Time on Fracture Surface Morphology
Slip band surface morphology was observed on fracture surface of the welds 
performed using welding parameters of 900 rpm, 20 mm/min, 2 and 4 seconds dwell time. 
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This indicates shear fracture mode as shown in Figure 4.22a and Figure 4.22b, respectively.
Moreover, tensile shear strength – extension plot was consulted for fracture mode analysis. 
As shown in Figure 4.23 both welds have low extension, because the load reduced sharply 
after it reached the maximum tensile shear strength indicating shear fracture mode. These 
results are in agreement with fracture surface morphology analysis.
Figure 4.23: Tensile Shear Strength Extension Plot for N=900 rpm, V=20 mm/min, DT= 2 seconds
(a) (b)
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Figure 4.22: SEM Micrographs Fracture Morphology for (a) N=900 rpm, V=20 mm/min, DT=2 seconds and
(b) N=900 rpm, V=20 mm/min, DT=2seconds
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4.5.2 Effect of Rotational Speed on Fracture Surface Morphology
Figure 4.24a and Figure 4.24b show fracture surface morphology at 20 mm/min 
plunging rate, 2 seconds dwell time, for rotational speed of 1200 and 900 rpm,
respectively. Slip band surface morphology, which is free of voids and dimples was 
observed on the welds that were produced at 900 rpm rotational speed. The SEM 
micrographs for 1200 rpm rotational speed welds show dimple like surface morphology 
with slip band surface. These dimples may be related to plasticity of the joint. The tensile 
shear strength extension graph in Figure 4.25 shows higher elongation before complete 
fracture is recorded at 1200 rpm welds. This could be associated to ductile failure mode. 
Heidarzadeh et al. [45] have shown that for high heat input to the weld, ductile fracture 
mode of the weld is expected.
Figure 4.24: Fracture Surface Morphology (a) N=1200 rpm, V=20 mm/min, DT=2 seconds, (b) N=900 rpm, 
V=20, DT=2 seconds
(a) (b)
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Figure 4.25: Tensile Shear Strength- Extension Graph, for V=20 mm/min and DT=2 seconds
4.5.3 Effect of Pin Tool Geometry on Fracture Surface Morphology
Welds that were produced using simple and threaded pin tool were compared in 
terms of fracture surface morphology. This has been performed using the analysis of 
fractured surface of the tensile shear strength failed samples.
Regular dimples were observed very close to the keyhole as shown in figure 4.26a 
on the fracture surface of FSSW welds performed using threaded pin tool at 900 rpm 
rotational speed, 20 mm/min plunging rate and 2 seconds dwell time. The presence of 
regular dimples indicates ductile fracture mode. This was found in agreement with
references [39], [48], [31] and [61]. 
Figure 4.27 shows tensile shear strength extension plot for threaded and simple pin 
tools. Maximum extension using threaded pin tool of almost 7 mm was observed compared 
to 1.25 maximum extension for the welds performed using simple pin tool. This indicates 
ductile failure mode for welds of threaded pin tool. No dimples were observed in welds 
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that were performed using simple pin tool at 900 rpm, 20 mm/min and 2 seconds as shown 
in Figure 4.26b. Furthermore, fracture mode analysis based on photographs taken from 
failed samples after tensile shear strength test is conducted.
Figure 4.27: Tensile Shear Strength Extension Graph, for N=900 rpm, V=20 mm/min and DT=2 seconds
(a) (b)
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Figure 4.26: Fracture Surface Morphology (a) Threaded Pin Tool, (b) Simple Pin Tool
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Two fracture modes were observed. Shear fracture mode as shown in Figure 4.28a
to Figure 4.28c shows that the failure mechanism of fracture failure mode has occured. All 
welds were performed using simple pin tool. In shear fracture mode, the shear initiated 
from the hook (end of transition region), then propagates horizontally along the stir zone 
until the weld sheared off. This type of failure also called interfacial fracture or nugget 
fracture.
Pull out fracture mode called plug failure mode is reported by [31] and [35]. It was 
observed for threaded pin tool FSSW at 900 rpm, 20 mm/min and 2 and 4 seconds dwell 
time. In pull out fracture mode, the crack initiates from the transition region (interface of 
TMAZ and HAZ ), then it propagates vertically along upper sheet thickness and finally 
pull out the nugget at final fracture phase. Pull out fracture mode is shown in Figure 4.29a
and Figure 4.29b. Figure 4.29c shows pull out fracture mode failure mechanism.
Another explanation for the presence of dimple like surface morphology was 
highlighted by Venukumar et al. [25] and Tozaki et al. [62], in their experimental 
investigations of FSSW of aluminum alloys. They pointed out that the presence of 
extensive dimples in fracture surface of FSSW welds indicate strong lap joint bonding and 
high tensile shear strength. They found that all dimples like surface morphology welds 
showed high weld strength.
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Figure 4.28: Shear Fracure Mode (a) Bottom View of The Upper Sheet, (b) Top View of the Lower Sheet, and 
(c) Shear Fracture Mechanism
(a) (b) (c)
(a) (b) (c)
Figure 4.29: Nugget Pull Out Fracture Mode (a) Top View (b) Bottom View of The Upper Sheet, (c) Pull Out 
Fracture Mechanism
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Chapter 5
Chapter 5 NUMERICAL MODELING OF FSSW PROCESS
5.1 Governing Equations
The governing equations that govern the thermo-mechanical model of friction stir spot 
welding process are as follows:
 Continuity equation is given in reference [63] as:
  
  
  )1(5.
  : is the plastic flow velocity in x, y, z directions, and  stands for partial differentiation.
 Momentum equation is given in reference [31] as:
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where ρ is the density of the work-piece,   is the plastic flow velocity in x, y, z directions. 
The quantity 
 is the pressure,  is the velocity, and   is the kinematic viscosity.
 Transient heat transfer governing equation is given in reference [30] as:
  
 
 
        )3(5.
where   is the specific heat capacity, k is the thermal conductivity, q is the heat generated 
from friction deformation, T is the temperature, t is the time,   is the divergence and  is 
the gradient of a function and is defined by:
  

 
 

 
 

 
(5.4)
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5.2 Computational Techniques
Abaqus/Explicit offers three analysis methods. The suitable method for analysis is 
based on the physics of the problem according to reference [64].
5.2.1 Lagrangian Analysis
In Lagrangian analysis there is no flow of material. Material motion is restricted 
with the mesh. Material move with the deformation of the mesh.  This analysis is 
appropriate for structural analysis. The limitation of Lagrangain model is the model
termination due to excessive element distortion when severe deformation is 
experienced [64].
5.2.2 Eulerian Analysis
Eulerian analysis is suitable for problems involving severe deformation. In Eulerian 
analysis, nodes and mesh are fixed and the material is allowed to flow through the elements. 
The limitation of Eulerian analysis is that material deformation cannot be modeled as 
reported in reference [64].
5.2.3 Arbitrary Lagrangian Eulerian Analysis
In Arbitrary Lagrangian Eulerian (ALE) analysis, mesh is allowed to move and 
adapt itself during deformation. Limitation of this technique is that it cannot maintain high 
quality mesh in extreme distortion problems as reported in reference [64].
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5.2.4 Coupled Eulerian-Lagrangian Analysis
In Coupled Eulerian Lagrangian (CEL) analysis, Abaqus allows to have two 
subdomains Eulerian and Lagrangian. CEL is the effective option when interaction of 
Lagrangian and Eulerian domains are needed. An example in finite element model of 
friction stir spot welding, pin tool and anvil are Lagrangian domains while work-piece 
where material flow is needed is Eulerian domain as reported in reference [64].
5.3 FE Modeling of FSSW 
In this study the Coupled Eulerian Lagrangian (CEL) finite element model is developed
using Abaqus® 6.13. In the CEL model, the tool is defined as a rigid Lagrangian body, 
while the work-piece is defined as Eulerian domain. This technique can provide a good 
prediction of material flow during the process as reported by Grujicic et al. [23]. The finite 
element model developed by Al-Badour [65] for FSW is adopted and refined in this study 
for FSSW.
5.3.1 Computational Domain
In the finite element model, both threaded pin, and scrolled shoulder were treated as a 
simple cylindrical pin and flat shoulder, respectively. For the work-piece, the area of 
interest taken into account, to minimize the number of elements, and enhance 
computational time was ⃰ mm2. The work-piece geometry was partitioned into three 
zones, identifying the upper and lower plate and top layer of void. The layer of void
(volume fraction was set equal to zero) was defined to allow the extruded material during 
the process to flow in this volume.
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Void layer was used to allow the flash to develop during the process on the top surface 
of the upper plate. Void is defined in Abaqus® by assigning zero value to volume fraction
value in material assignment. Figure 5.1 and 5.2 show the dimensions of the tool and the 
work-piece, respectively.
Figure 5.1: FSSW Tool Geometric Model Dimensions
5.2: Geometric Model Dimensions of the Work-Piece
All fillets are 0.5 mm
All dimensions in mm
Lower Sheet
Void Layer
Upper Sheet
2All dimensions in mm
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5.3.2 Finite Element Model Assumption
The following assumptions were considered in modeling the FSSW developed in 
this study.
- Linear elastic isotropic pin tool material is assumed. 
- Film convection heat transfer coefficient on the top surface is 25 W/m2.k
according to references [27] and [20].
- Thermal gap conductance on the bottom surface of the lower plate is 
200 W/m2.k.
- Lagrangian domain, rigid pin tool (because our interest is in temperature 
distribution, plastic strain distribution and work-piece material flow).
- Eulerian work- piece domain.
- Simple cylindrical pin tool.
- Flat pin tool shoulder to simplify Eulerian and Lagrangian domains 
discretization.
- Johnson-Cook material model.
- 90% of plastic deformation dissipated in the form of heat according to 
reference [66].
- Temperature dependent work-piece material properties.
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5.3.3 Finite Element Meshing
Figure 5.3 shows structural hexahedral mesh for the pin tool having 1080 
elements. Element Type used is linear hexahedral type C3D8RT. Bias seeding was used to 
achieve a refined mesh at the center of the work-piece and a coarse mesh at the sides. The 
work-piece was meshed with 79134 elements using an element type of EC3D8RT 
hexahedral linear thermally coupled Eulerian elements, as shown in Figure 5.4.
5.3.4 Initial Conditions
Initial thermal and boundary conditions are mentioned for the adopted finite 
element model.
 Initial temperature is the ambient temperature 294.3 k (according to the
thermocouple measurement).
 Constant pin tool rotational speed is assumed with zero initial translational 
speed.
Figure 5.4: Work-Piece MeshFigure 5.3: FSSW Pin Tool Mesh 
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 Void layer was assigned as a layer with 1 mm thickness on the whole 
overlapping area over the top surface of the upper sheet.
 Pure copper work-piece material was assigned in parallelepiped geometry with 
dimensions of ⃰ ⃰ mm3. 
5.3.5 Boundary Conditions
Several boundary conditions were assumed in pre-processing of the finite element 
model. These boundary conditions are as follows:
 Gap heat conductance was assumed to be 200 W/m2.k, to accommodate heat dissipation 
to the backing plate.
 Zero normal velocity on the bottom surface of the lower plate, is assumed to prevent the 
material from escape downward because it constrained by the backing plate.
 Material velocity at edges and bottom surface is zero, while it is allowed to flow at void 
zone.
5.3.6 Material Modeling
Since we have two computational domains, material was assigned for Lagrangian 
pin tool and Eulerian work-piece according to the following:
Work-Piece Material Modeling
Temperature dependent material properties such as thermal conductivity, 
elongation, elastic modulus and specific heat were defined for commercial pure Copper 
work-piece as given by Davis [67].
67
Johnson-Cook plastic stress flow model [68] was used to define the behavior of 
the material. Johnson-Cook [68] developed an experimental relationship that describes the 
influences of temperature, strain and strain rate on Von Mises stress. This relationship is 
expressed by [64] and [68], as
Цⱳ! Ԝ" Иᴶᴸ Ԝ#¨Æ
ᵟ ỳ
ᵟ 
ԝ 4ڬᴵ ] )5(5.
where Ц is the static stress, Иᴸ is the effective plastic strain, Иỳ is the current strain rate, Иᴷ
is the reference strain rate. In the above equation, ɤڬ is the homologous temperature and is 
defined by [64]
ɤڬⱳ
ɤ ԝ ɤȾ
ɤȹ ԝ ɤȾ
)6(5.
where Tr is the room temperature, and Tm is the melting temperature. The constants A, B, 
C, n, m are given by Johnson-Cook [68]. Pure Copper Johnson Cook model constants are 
illustrated in Table 5.1.
Table 5.1 Pure Copper Johnson-Cook Constitutive Model Constants [68]
Elongation, specific heat, elastic modulus and thermal expansion were defined as 
temperature dependent variables [67] to model the effect of temperature on material 
properties. Copper density was taken from reference [69] as 8940 kg/m3. The FE model 
was implemented and solved using the Finite Element Analysis Abaqus® software 
package, in conjunction with thermally coupled explicit solver.
A
[MPa]
B
[MPa]
C n m
Melting Temp. 
[k]
Transition Temp.
[k]
90 292 0.025 0.31 1.09 1356 298
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Tool Material Modeling
The tool was defined as rigid body. The tool material was modeled as linear-elastic 
carbon steel material, with a density of 7800 kg/m3 according to reference [70]. The 
modulus of elasticity was taken as 200 GPa, thermal conductivity of 32 W/m.k and specific 
heat of 460 kJ/kg according to reference [65].
Time scaling factor of 1000 was used to accelerate the solution in Abaqus/Explicit 
analysis [64].
5.3.7 Tool / Work-piece Interaction Modeling
For the pin tool and work-piece interaction modeling the following assumptions were 
considered:
 Friction coefficient assumed to be 0.30 according to reference [71].
 Convection heat transfer in the upper plate is 25 W/m2.k as reported in references [27]
and [20].
 Thermal gap heat conductance is taken to be 200 w/m2.k for the bottom surface of the 
lower plate. This value was assumed to be double the value that was considered by 
Wang et al. [72] for Aluminum alloy, since pure copper has double thermal conductivity
of Aluminum.
5.4 FE Model Validation
Finite element model validation was carried out by considering two aspects of 
temperature distribution and material flow validation that will be discussed in what follows.
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5.4.1 Temperature Distribution Validation
A K-type thermocouple was inserted 8.0 mm away from the weld center. The wire 
fitted to 0.5 mm machined hole was 1 mm depth. Figure 5.5 shows validation experiment 
setup.
Predicted temperatures were validated by comparing them with measured ones 
during FSSW at 8 mm from the weld center and 1 mm depth using K-type thermocouple. 
Figure 5.6 shows comparison between experimental and FE predictions at 600 rpm 
rotational speed for a sample having dimensions of ⃰ ⃰ mm3. The estimated 
temperatures are almost matching with the experimentally recorded ones, with a maximum 
difference of 16%.
Figure 5.5: FE Validation Experiment Setup
Figures 5.6 to 5.8 show temperature variation at different welding parameters. Figure 5.6 
shows comparison of FE model and experimental work temperature variation. According 
to the Figure experimental and FE model results match well to each other. Figure 5.7 
K- Type thermocouple
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shows temperature variation at 1200 rpm rotational speed, 60 mm/min plunging rate and 
2 seconds dwell time. The temperature increase gradually during plunging phase ( up to 
the third second) then sharp increase was observed at the end of plunging phase when the 
shoulder gets in contact with the work-piece because the shoulder produce most of 
frictional heat that is produced in FSSW process.
Figure 5.6: Temperature Variation at 8 mm Away From Weld Center 1 mm Depth, 100X30X2 mm3 Samples
Figure 5.7: Temperature Variation at 9.5 mm Away from Weld Center 2 mm Depth, 138X60X2 mm3 Samples 
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Figure 5.8 shows temperature distribution at 1200 rpm rotational speed, 20 mm/min 
plunging rate and 2 seconds dwell time. The temperature increases gradually with time
during plunging phase up to the ninth second. After that, the temperature increases rapidly 
according to finite element model and experimental temperature history. This rapid 
increase in temperature at the end of plunging phase when the shoulder touches the work-
piece indicates the dominant effect of the shoulder frictional heat on the heat input to the 
weld.
Figure 5.8: Temperature Variation at 9.5 mm Away from Weld Center 2 mm Depth 138X60X2 mm3 Samples.
5.4.2 Extruded Flash Height Validation
Figure 5.9 shows the finite element model for the predicted flash height compared 
to the experimental one. The developed experimental flash height was 0.6 mm while the 
height of flash from finite element model after pin tool retraction was 0.64 mm.. However, 
a good agreement between welds flash height and predicted flash height was obtained with 
an error of 6.6%. 
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Figure 5.9: Material Flow Validation (a) Finite Element Results, (b) Optical Macrograph of FSSW Weld Cross-
Section at N=1200 rpm, V=20 mm/min and DT=2 seconds Using Simple Pin Tool
5.5 FE Model Results
Effect of welding parameters on temperature distribution and plastic strain 
distribution at the end of dwell time is presented in this section.
5.5.1 Temperature Distribution Analysis
The following contour plots show the temperature distributions at the end of dwell 
time. Increase of dwell time from 2 to 4 seconds, as shown in Figure 5.10, increased the 
peak temperature experienced by the work-piece from 750 k to 820 k at 900 rpm rotational 
speed and 20 mm/min plunging rate. Increase of rotational speed from 900 to 1200 rpm 
increased the peak temperature from 750 k to 850 k as shown in Figure 5.10a and 5.12a. 
On the other hand, increase of plunging rate from 20 to 60 mm/min decrease the peak 
temperature from 750 k to 614 k as shown in Figure 5.10a and 5.11a, respectively.
Flash height 0.64 mm
Flash height 0.6 mm
(a)
(b)
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(a)
(b)
(a)
(b)
Figure 5.10 Temperature Distribution at End of Dwell Time, 
N=900 rpm, V=20 mm/min
Figure 5.11 Temperature Distribution at End of Dwell Time, N=900 
rpm, V=60 mm/min
Figure 5.10: Temperature Distribution at End of Dwell Time (a) N=900 rpm, V= 20 
mm/min, DT=2 seconds, (b) N=900 rpm, V= 20 mm/min, DT=4 seconds 
Figure 5.11: Temperature Distribution at End of Dwell Time, (a) N=900 rpm, V= 60 
mm/min, DT=2 second, (b) N=900 rpm, V= 60 mm/min, DT=4 seconds
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Increasing of dwell time from 2 to 4 seconds at 1200 rpm, 60 mm/min plunging rate, 
increases the peak temperature from 715 k to 860 k as shown in figure 5.13a and 5.13b 
respectively.
Increasing of the dwell time from 2 to 4 seconds at 900 rpm, 60 mm/min plunging 
rate, increases the peak temperature of the work-piece from 670 k to 740 k.
Figure 5.12: Temperature Distribution at End of Dwell Time, (a) N=1200 rpm, V= 20 mm/min, DT=2 
second, (b) N=1200 rpm, V= 20 mm/min, DT=4 second
(a)
(b)
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The peak temperature for each set of welding parameters was determined and full 
factorial design of experiment is carried out in the following section.
5.5.2 Full Factorial Design of Experiment for Peak Temperature
The FE model was used to carry out a virtual design of experiment. The entries of 
the experimental matrix were introduced into the model by changing boundary conditions 
accordingly. 
Figure 5.14 shows the main effect of welding parameters on peak temperature 
during FSSW. Varying rotational speed from 900 to 1200 rpm increases the peak 
temperature reached during the process at the end of dwell time. 
Figure 5.13: Temperature Distribution at End of Dwell Time, (a) N=1200 rpm, V= 60 mm/min, DT=2 
seconds, (b) N=1200 rpm, V= 60 mm/min, DT=4 seconds
(a)
(b)
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Increasing the dwell time from 2 seconds to 4 seconds and increasing rotational 
speed from 900 to 1200 rpm, resulted in increase of peak temperature. Increasing of 
plunging rate decreases peak temperature as shown in figure 5.15.
Figure 5.14: Main Effect Plot of FE Model Peak Temperatures at End of Dwell Time
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Figure 5.15: Interaction Effect Plot of FE Model Peak Temperature at End of Dwell Time
Analysis of Variance (ANOVA) illustrated in Table 5.2 shows that the rotational 
speed has the most significant process parameter effect on peak temperature because it has 
the least P-value. 
Table 5.2 P-Values from Analysis of Variance of DoE Parameters of Max Temp Output
Welding Parameters P: Probability Distribution
Rotational Speed N [rpm] 0.001
Plunging Rate V [mm/min] 0.002
Dwell Time DT [seconds] 0.002
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Chapter 6
Chapter 6 CONCLUSIONS AND FUTURE WORK
6.1 Conclusions
In this investigation, an experimental as well as numerical study of FSSW of a pure 
copper lap joint were carried out at different process parameters including rotational speed, 
plunging rate and dwell time. Two pin tools were used, a simple pin tool and a threaded 
one. The threaded pin tool was used to compare its performance with the simple one. Weld 
joint quality was characterized using different techniques namely scanning electron 
microscopy, optical microscope and micro-hardness tester. Furthermore, finite element 
model is developed to assist in the understanding of the process. 
From the current forging force analysis results, it can be concluded that increasing
of the plunging rate and decreasing of rotational speed and dwell time correspond to 
increase in maximum forging force due to lower heat input and material plasticization for 
the simple pin tool.
The effect of FSSW process parameters on hook formation was analyzed using high 
magnification micrographs. The following conclusions can be made:
 Varying of dwell time from 2 to 4 seconds resulted in more white bubbles in hook 
feature at 1200 rpm rotational speed, and 20 mm/min plunging rate. These white 
bubbles were observed at high heat input to the weld.
79
 Smooth hook feature, free of voids, cracks and discontinuities were observed at 
1200 rpm rotational speed, 20 mm/min plunging rate and 2 seconds dwell time. 
Highest tensile shear strength to the weld was obtained at the same welding 
conditions using simple pin tool.
 Cracks, voids and discontinuities were observed at 1200 rpm rotational speed, 60 
mm/min plunging rate and 2 seconds dwell time. Low weld tensile shear strength 
was obtained at these welding conditions using a simple pin tool.
The effect of process parameters on effective upper sheet thickness has been 
studied, for effective upper sheet analysis. The following conclusions can be made:
 Downward inclination indicates low material flow during the process resulted in 
lower weld tensile shear strength.
 Upward hook tip inclination was observed in threaded pin tool welds for 20 
mm/min plunging rate. This corresponds to relatively high tensile shear strength 
and enhanced material flow during the process.
For the effect of FSSW process parameters on tensile shear strength, the 
following conclusions can be highlighted from design of experiments results:
 ANOVA analysis of tensile shear strength experimental results showed that 
rotational speed has the most significant effect on tensile shear strength.
 Maximum tensile shear strength of 5.5 kN was obtained for a simple pin tool was 
used at 1200 rpm rotational speed, 20 mm/min plunging rate and 2 seconds dwell 
time.
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 Tensile shear strength of 7.1 kN, was obtained at 900 rpm rotational speed, 20 
mm/min plunging rate, 2 seconds dwell time using threaded pin tool. A simple pin 
tool produced 3.5 kN tensile shear strength at the same welding conditions (i.e. an 
increase of 50 % in weld strength).
Fracture surface morphology has been investigated in this work. From the 
current results, it can be concluded that:
 Dimple like surface morphology was observed using threaded pin tool at 1200 rpm 
rotational speed, 20 mm/min plunging rate and 2 seconds dwell time with ductile 
failure mode at these welding conditions.
 Plug or pull out fracture mode was observed at 900 rpm – 20 mm/min – 2 seconds 
for  threaded pin tool and 1200 rpm rotational speed, 20 mm/min plunging rate and 
2 and 4 seconds dwell times for simple pin tool. 
Lastly finite element model has been developed in this study to find the 
effect of welding parameters on temperature distribution. The following conclusions
can be drawn:
 Experimental temperature history was compared with predicted finite element 
model temperature at the same location that is 8 mm from weld center with 2 mm 
depth. Predicted temperature matched well with temperature history from the 
experiment with maximum error of 16%.
81
 Flash height of weld cross-section and predicted flash height from the model were 
compared. A maximum error of 6.6% was found.
 ANOVA analysis revealed that rotational speed has the most significant effect on 
peak temperature.
 Increasing of dwell time and decreasing of plunging rate resulted in increasing 
predicted peak temperature of the workpiece.
6.2 Future Work
 High thermal resistance pin tool material could allow the analysis of 1500 rpm 
rotational speed to the weld.
 Tracer particles could be introduced to the finite element model developed in this 
work to study the effect of welding parameters on material flow during welding.
 Analysis of Copper alloys and Copper to Copper alloys dissimilar friction stir spot 
welding using initially the welding parameters carried out in this investigation. 
Copper alloys have many application in heat exchangers.
 Tracer particles could be introduced to the finite element model developed in 
current study for material flow analysis.
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